Distillers Dried Grains with Solubles (DDGS) mainly contains protein, oil, fiber, and ash. DDGS could have more economic value and wider use if it could be separated into higher protein fraction and higher fiber fraction. Various ways have been explored in recent years, and two of the most effective processes are sieving and winnowing. In the present work, the optimization of three parameters of a gravity separator (side slope, eccentric shaft vibration, and the air flow rate), was conducted to separate DDGS. DDGS was firstly sieved into five size categories, then three categories and raw DDGS were further separated into light, mid-light, midheavy and heavy fractions using the gravity separator. By adjusting the three parameters, four combinations were tested. Nutrient analysis was measured to determine the most effective combination for DDGS fractionation. This process was found to be effective in getting substantial fractions enriched in protein and oil.
Introduction
In 2011, nonrenewable fossil fuels accounted for more than four-fifths of the United States' energy consumption (EIA, 2012) . With the continuously expanding consumption of fossil fuel, people not only have to face increasing fuel prices, but they also have to suffer under the more severe air pollution. Many countries have already begun to explore a more environmental friendly energy: biofuel. Biofuel is mostly made from corn or sugarcane, and it is widely used in the U.S. and Brazil. In 2012, biofuels' consumption in the U.S. reached up to 13.8 billion gallons, which was about 7.1% of total transport fuel consumption (USDA, 2013) .
Ethanol is the most important biofuel in the U.S. Ethanol can be either used as pure fuel for vehicles or as a gasoline additive. It will increase octane rating, which is an indicator of the performance of a motor or aviation fuel; and it will also improve vehicle emissions.
Distillers Dried Grains with Solubles (DDGS) are co-products from corn ethanol fermentation. The main components of DDGS are protein, oil, fiber, and ash (Rosentrater and Muthukumarappan, 2006) . One of the most important use of DDGS is feed for animals, such as cattle, swine, fish and poultry. However, since some animals cannot digest fiber effectively, it is necessary either to add other ingredients, or to fractionate DDGS.
DDGS typically contains about 29% protein, 10% oil, 9% crude fiber and 5% ash (Lim and Yildirim-Aksoy, 2008) .The average DDGS price is reported as $243.50/ton in April, 2014 (USDA, 2014 . In order to improve its economic value, we could separate DDGS into a higher protein fraction, which can be used as animal feed; and a higher fiber fraction, which could be used as raw material for lignocellulosic ethanol production (Singh et al, 2002) . According to Belyea et al, (2004) , the price of DDGS with high oil (13%) and high protein (33%) contents can be $5-20 higher per ton than regular DDGS. DDGS production increases rapidly as bioethanol production expands (Liu and Rosentrater, 2011) . It is reported that about 35.84 million metric tons of DDGS were produced during the crop year 2012 (AGMRC, 2014 . The marketing potential is promising if we can achieve high protein from DDGS.
Research has found that chemical composition of DDGS can be related to particle size, shape and density (Bhadra et al 2009) . The smallest and densest DDGS particles have the potential of being rich in protein and low in fiber (Liu 2008; Liu 2009 ). Fractionation is a reasonable way to increase protein and decrease fiber from DDGS. Fractionation can be divided into wet fractionation and dry fractionation. Most studies have focused on dry fractionation because it requires less investment and simpler equipment.
Some research has been done on the fractionation of DDGS. However, all of them have their limits. Some studies did not get ideal protein percentage, while others had to use complicated equipment. Besides, no study has explored fractionation using gravity separator.
The combination of sieving and winnowing, known as the elusive process, and so far it is the most promising of different dry fractionation processes (Srinivasan et al, 2009) . In this process, DDGS was first sieved into several fractions and then blown by air. Because of the resulting elimination of small-sized non-fibers, it can be effective in separating fiber (Srinivasan et al, 2008) . After elusive processing, DDGS protein can increase by 2.3% (Srinivasan et al, 2013) . However, it required three air classification unit operations, which made the process complex. In addition, the increase of protein, which varied according to different samples, was not ideal.
In Liu's study (2009) , sieving winnowed DDGS fractions and winnowing sieved DDGS fractions have been shown to have similar effectiveness in shifting component contents. The effectiveness of sieving, winnowing and their combinations was explored. The latter was recommended as the better choice because it required less time. However, this method still required an air fractionation unit for each size fraction.
In the study conducted by Garcia and Rosentrater (2012) , DDGS was first sieved using screening and the oversize fraction was milled into small particles. Then DDGS was processed using an aspirator into different fractions. This process was thought to be effective and less complex since only one air fractionation unit was required during this process (Garcia and Rosentrater, 2012) . However, in order to produce a single stream with a narrow particle size distribution, it still had to use a mill.
A study of fractionation by destoner was conducted, which was "a simple and efficient process to remove stones and soil from grains" (Zhang and Rosentrater, 2013) . When it run with an 8° angle and 27.5% air flow, the heavy fraction could achieve a 31.30% protein level. Destoner fractionation had higher efficiency and low cost compared with other methods and it was somewhat effective to separate oil fractions of DDGS. However, it was not as ideal to get high protein fraction. More study needs to be explored about how to adjust the operating parameters of the destoner.
Our study aimed to use a gravity separator to fractionate DDGS. The gravity separator is designed to separate different particles according to their density and can be useable on any dry particle stream. In our study, what we focused on was to better separate the high protein particles through the gravity separator in a more simple and efficient way with reasonable cost. DDGS was sieved into five size categories, and then three categories and raw DDGS were further separated using a gravity separator. The side slope of the deck, the eccentric shaft vibration, and the air flow rate were adjusted. The combinations of two side slope and two eccentric shaft vibration were operated. After that, nutrient analysis was conducted to explore the most efficient parameters and the most proper particle size for DDGS fractionation.
Material and Methods
Material DDGS used for the fractionation was collected from Lincolnway Energy, LLC in Nevada, Iowa. Samples were directly collected from the DDGS storage building. The DDGS was then stored in plastic tubs at room temperature (23 ± 1 o C).
Methods
In this study, we conducted DDGS fractionation with a sifter and a gravity separator. A screw feeder was used to maintain a stable feeding rate. First, DDGS was sized using a round sifter (LS18S333P3WC, Sweco, Division No FM-I, L.L.C., Florence, KY, U.S.). The screens were chosen according to standard procedure ANSI/ASAE S319.4 (ASABE 2008), using U.S. sieve nos. 10 (2.000 mm), 20 (0.850 mm), 40 (0.425 mm), and Pan (<0.425 mm). DDGS was first sized using 10-mesh and 40-mesh screens, and fractions of Over 10 mesh (>2.000mm), 10-40 mesh (0.425-2.000mm) and Through 40 mesh (<0.425 mm) were collected. Then fraction of 10-40 mesh was further sized using 20-mesh (0.850 mm) screen, and fractions of 10-20 mesh (0.850-2.000 mm) and 20-40 mesh (0.425-0.850 mm) were acquired. As shown in figures 1 and 2, with a feeding rate of 29,260 g/h, during the first run of sizing, the mass percentage for 0.425-2.000 mm DDGS was 86.98% of the raw DDGS; and with a feeding rate of 32,793 g/h, during the second run of sizing, the mass percentage for 0.850-2.000 mm DDGS and 0.425-0.850 mm DDGS were 39.10% and 60.90% of the 0.425-2.000 mm DDGS, respectively.
Second, raw DDGS, and sized DDGS were further separated on a gravity separator (TKV25, Forsberg Incorporated, Thief River Falls, Minnesota, U.S.). A steel deck of 60-mesh (0.250 mm), with the size of 2'x 3' (0.6096m x 0.9144m), was used on the gravity separator. The deck, which is fluidized by a pressurized air system, can blow the light materials to the top of the product bed and allow the heavy materials to contact the deck surface. The deck is powered by an eccentric drive, which moves the deck at low amplitude and high frequency up and down. This design makes the heavy materials contacting the deck surface move uphill, whereas the light materials fluidized by the air system move downhill due to gravitational pull. To attain a satisfied setup of the gravity separator, four combinations of two side slope and two deck frequency were explored and decided, using raw DDGS and the fraction of 0.425-2.000 mm DDGS. Two eccentric shaft vibrations, 420 rpm and 450 rpm, were selected, while the side slopes of 5° and 6.5°, were selected. Then four categories, including raw DDGS, fraction of 0.425-2.000 mm, fraction of 0.850-2.000 mm, and fraction of 0.425-0.850 mm were run through the gravity separator under each of the four combinations, respectively. The experimental design is shown in table 1.To optimize the separation, airflow rates were adjusted according to different size fractions, ranging from 0.7620 to 1.5240 m/s. All the parameters were maintained stable during each collection of samples. Two replications were run for each fraction, and each run lasted for three minutes. Random order for combinations were selected to eliminate potential affects. Four fractions, which were named light, mid-light, mid-heavy, and heavy, were collected after each run. Totally, 128 samples were acquired after gravity separation. Then, the 128 samples, along with raw DDGS, fractions of > 2.000 mm, 0.425-2.000 mm, 0.850-2.000 mm, 0.425-0.850 mm, and < 0.425 mm were analyzed to explore the nutrient.
The nutrient analysis was conducted using a calibrated NIR Analyzer (DA 7200, Instrumentvagen, Hagersten, Sweeden). Two replications were analyzed for each sample and 268 sets of data were collected. For each set of data, moisture (%), protein (%db), oil (%db), and fiber (%db) were reported. Then a statistical data analysis was conducted using Microsoft Excel v. 2013 (Microsoft Corp, Redmond, WA), and JMP Pro.10 (SAS Institute, Cary, NC) software. Table 2 indicates nutrient composition for raw DDGS and five sized categories of DDGS without gravity separation. Table 3 and figure 3-18 present average nutrient composition for each fraction of DDGS treated by gravity separation under all experimental conditions. The moisture varies from 3.11% in the heavy fraction of 0.425-2.000 mm DDGS under condition of 420x6.5, to 8.93% in the light fraction of 0.850-2.000 mm DDGS under condition of 450x5, with an average of 5.45%. Compared to raw DDGS and unseparated categories of DDGS, the decrease of the average moisture may be due to the blow of the airflow. The protein varies from 22.95% in the light fraction of 0.850-2.000 mm DDGS under condition of 450x5, to 42.46% in the heavy fraction of 0.850-2.000 mm DDGS under condition of 420x5, with an average of 33.14%. Oil varies from 7.52% in the light fraction of 0.850-2.000 mm DDGS under condition of 450x5, to 23.20% in the mid-heavy fraction of 0.850-2.000 mm DDGS under condition of 420x5, with an average of 13.17%. Fiber varies from 6.02% in the light fraction of 0.850-2.000 mm DDGS under condition of 450x5, to 6.53% in the heavy fraction of raw DDGS under condition of 450x5, with an average of 6.36%.
Results and Discussion
Two-way Anova analysis (α=0.05) was conducted to explore if gravity separation has significant effect on the nutrient component and the results are shown in table 4 and figure19-22. According to two-way Anova analysis, particle size has significant effect on moisture (p-value=0.0001), protein(p-value< 0.0001), oil (p-value< 0.0001), and fiber (p-value=0.0026); parameter combination has significant effect on moisture (p-value=0.0006), protein (p-value=0.0007), and oil (p-value=0.0075); fraction has significant effect on moisture (p-value<0.0001), protein (p-value< 0.0001), oil (p-value<0.0001), and fiber (p-value<0.0001).
The protein percentage is the main indicator for DDGS price, however, the percentage of enriched DDGS to total DDGS should also be considered. The ultra-goal of gravity separation is to get enriched DDGS at reasonable cost. The product of protein increase and the percentage of enriched DDGS is considered as the protein increase yield for exploring the best parameter combination. As shown in table 5, there are two largest yields with 1.26% increase for protein. They are heavy fraction from 0.425-2.000 mm DDGS under 420x5 condition, and heavy fraction from 0.425-2.000 mm DDGS under 420x 6.5 condition. Besides, mid-heavy fraction from 0.425-2.000 mm DDGS under 420x5 condition also have relatively high protein increase yield of 0.65%. Based on all results, the best parameter combination should be 420x5, with airflow rate of 0.8890 m/s, and the DDGS category should be 0.425-2.000 mm DDGS.
Although heavy fraction from raw DDGS under 450x5 condition and heavy fraction from raw DDGS under 450x 6.5 condition also have relatively high protein increase yield, 1.17 and 1.07, respectively, it is not recommended to do gravity separation without sizing. Due to the variance of particle size for raw DDGS, those particles with diameter less than 0.425 mm have the potential to block the deck.
Conclusions
The purpose of this study was to explore optimization of parameters for gravity separation of DDGS, and to find the most proper size category for economic benefit. Based on the nutrient component analysis and statistical analyses, the results show that with the combination of an eccentric shaft vibration of 420 rpm, side slope 5o of the gravity separator deck, and airflow rate of 0.8890 m/s, using size category of 0.425-2.000mm DDGS, the most benefit can be attained. In conclusion, DDGS fractionation through a gravity separator was approved to be effective and economic to get high protein and high oil fractions. Particle size refers to four size categories run through the gravity separator: raw (average 0.725 mm), 0.425-2.000 mm (10-40 mesh), 0.850-2.000 mm (10-20 mesh), and 0.425-0.850 mm (20-40 mesh); while fraction means four fractions after gravity separation: light, midlight, mid-heavy, and heavy. 
